Abstract-The use of series elastic actuators (SEA) in the applications with presence of human machine coupling has received extensive attention. One of the important research questions is how to design more efficient and compact flexible joints using physical springs. In this research work, we propose an optimization method for designing a planar torsional spiral spring with a shape of Archimedes curve. To define this optimization problem, the objective function and the constraint condition equations are put forward. We set the minimization of final volume, diameter and height of the spring as the optimization goal, the fixed stiffness of the spring as an equality constraint, the maximum deformation angle and the maximum stress of the spring when it reaches this angle, which should be less than the allowable, as two inequality constraints. To solve this optimization problem, the Spiral Dynamics Algorithm (SDA) is utilized to obtain the optimal parameter vector for this nonlinear constrained optimization problem. To validate the optimal result, a simulation with finite element analysis (FEA) is carried out, and the result shows that the obtained solution vector meets the design goal.
I. INTRODUCTION
Wearable robot has broad application prospect in the field of service and medical treatment, especially in the field of power assist and medical rehabilitation training. Usually this kind of robot is also called the exoskeleton robot, whose arm is distributed aligned and fixed to the wearer's limb to support the wearer's body and enhance the wearer's strength. Since there is direct physical contact between human and the robot, the personal safety of the wearer becomes a critical problem. As a reasonable result, wearable robot is demanded to be safe and must not hurt the wearer under any circumstance.
In the current study, the ways to achieve human-robot contact safety can be roughly divided into two categories, those are safety obtained by specially developed control scheme and safety guaranteed by mechanical design. The former one is reached by measuring the contact force on the interface between human and robot and then employ a flexible controller such as force controller or impedance controller to give the robot an equivalent compliance, which is thought to be safe. For the latter one, a component made of elastic material is mounted in series in the mechanism, which is called a series elastic actuator (SEA) [1] . At the same time, the robot is usually designed to be lightweight to decrease the total mechanical impedance to ensure tight security. Although different, in fact, these two methods not only are not mutually exclusive, but complementary.
As a result, in order to design a more secure wearable robot, a great deal of effort of researchers has been spent on the design of a mechanically flexible robot joint. And its core is to design an elastic component that can be mounted in series in the mechanism. A number of different forms of elastic components have been designed and used for the prototype development of flexible joints.
Through a literature review of the SEA, it can be found that the design results of elastic element are mainly determined by their application background and the experience and creativity of the designers. Since most of the joints of wearable robot are rotary joints, torsional spring is widely utilized in this field [2] [3] [4] [5] . However, in order to obtain the springs more easily, these designs mostly select finished springs or standard springs with small amount of customization instead of completely redesign. Thus it is difficult to optimize the performance of the flexible joint and its function is also limited. Other studies those proposed novel torsional spring shapes provide valuable references for new spring designs from scratch. In [6] [7] [8] a long and thin beam is utilized as an elastic component to give the actuator compliance. Although it is feasible, since the amount of the elasticity is positively correlated with the length of the beam, the actuator is large or with low compliance if keep it compact. In order to overcome the contradiction between compactness and compliance, a good method is to bend the beam around the output shaft to decrease the space it occupies and improve the space utilization. In [9] [10] [11] two kinds custom designed torsional spring are employed in SEA for orthosis design. The spring blades are bended in accordance with the serpentine and distributed uniformly along the circumference around the output shaft. This scheme greatly reduce the space waste of the SEA and increase its deformation angle. Instead of shaping the spring leaf into a custom appearance, Archimedes spiral is a better reference form for the spring design [12] [13] [14] [15] [16] . However, these designs depend mainly on the researchers' experiences, and are not optimized. Anyway, although there is not a uniform guideline to follow, it is obvious that planar spiral spring is relatively more compact and easier to design thus appropriate for wearable robot joint design.
In this paper, an optimization method is proposed for spiral spring design with Archimedes curve in order to lead to a compact SEA. A standard Archimedes helix equation is selected to describe the spring shape. The parameters of the equation is then obtained from the optimization result. In addition to these parameters, the thickness and height parameters of the spring is also optimized. The optimization process is conducted in accordance to the goal that minimize the weighted sum of the volume, height and diameter of the spring within the constraints that the spring should not become failure when it reaches its deformation limit.
The rest of this paper is organized as follows. Section II describes the design process of the spiral spring and then provide its parametric model. Having the parameters, optimization goals and constraints are proposed and the SDA optimization process is conducted in Section III. A validation example with FEA simulation is presented in Section IV. Section V summarizes the work of this paper.
II. PLANAR TORSIONAL SPIRAL SPRING DESIGN AND MODELING

A. Spring Design
As a common compliant element, spring is integrated in a variety of flexible robot joints in order to increase the passive flexibility of wearable robot joints and improve its intrinsic safety. According to the different position of the spring in the transmission chain, the performance of the spring is put forward different requirements. For the case that spring is connected in between gear boxes [3] , it requires the spring to have a large deformation angle and low stiffness. Instead, for spring mounted directly to the output shaft [15] , the spring is required to have a relatively smaller deformation angle and larger stiffness. In this work, we will concentrate on the latter configuration.
Since we are aiming at designing a spring for a torsional actuator, we select Archimedes curve as the basic shape of the spring. The inner end side and outer end side of the spring are considered as the connection point to transmission devices, thus they are the input and output ports of the spring and can be determined according to the actual situation.
B. Parametric Modeling
According to the design consideration of Section II-1, we can describe the basic shape of a spring using its center curve with a polar coordinate helix equation as 0 0 r r (1) where r and are polar coordinate variables, 0 r denotes the initial position of the curve, is the Archimedes helix coefficient and 0 is the beginning angle of the curve. Without loss of generality, we can define 0 0 . According to the principle of material mechanics, the deformation angle and restoring torque of the spring can be described as
where means the deformation angle of the spring, 1 K is an experienced correction coefficient determined by the external connection mode and circle number of the spring, T is the restoring torque generated by the deformation, l denotes the total length of the spring, E is the young's modulus of the spring material, and I is the moment of inertial of cross section of the spring and can be described as 3 
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bh I (3) where b and h is the width and thickness of the spring respectively. The total length of the spring can be calculated as 2 2 0 e l r r d (4) where e is the end helix angle of the curve. Then we can derive the stiffness expression of the spring as
where K is the constant stiffness of the spring, and we also have 0 e e r r (6) where e r is the end radius of the helix curve.
The designed spring has two maximum deformation angles, the forward limit and the reverse limit. In order to ensure the working conditions of the spring, we define the deformation angle at which position the inner end of the spring contact its adjacent coil as forward limit and the position the outer end of the spring contact its adjacent coil as reverse limit. At these two limit status, the curve equation is no longer Archimedes type. Since it is hard to derive equations to accurately describe the spring shape in these two cases, cubic spline interpolation with natural boundary condition (the 2nd order derivative of both ends is zero) is utilized to obtain an approximate description of the actual situation.
To apply cubic spline interpolation, we can find three knots for each limit case, those are In order to determine these two end angles, a binary search method can be used. The search functions are 
The deformation angles of these two limit status are f f e e (9) r r e e (10) respectively. Since the surface of the spring is smooth, thus the stress concentration can be ignored. The maximum stress when the spring reaches limit deformation can be calculated as 
III. PARAMETER OPTIMIZATION METHOD
Wearable exoskeleton robot needs to be lightweight. However, in order to give the robot physical flexibility, mechanical springs are mounted in the robot joints in many ways, thus greatly increase the volume and weight of the robot body. Some simple optimization has been made to obtain a light torsional spring [14] . In this section, a more detailed version will be provided.
A. Optimization goal
The design parameters for the spring is b , h and . And 
where V is the volume of the spring.
In order to adapt to different occasions, the final optimization goal function is proposed as a weighted sum of the volume, height and radius of the spring as , , arg min , , b h f b h (15)   2  2  2  1  2  3 , , , 
where 1 a , 2 a and 3 a are weight coefficients, f is the cost function. The larger the coefficient is, the smaller the corresponding parameter will be optimized. This provides a way to adjust the optimization result by regulating the coefficients.
B. Constraints
The spring elastic coefficient is constant, thus (5) is considered as an equality constraint. Additionally, the max stress of the spring when it reaches maximum deformation angles should below the allowed f r (17) where denotes the allowable maximum stress applied to the material.
C. Spiral Dynamics Algorithm process
SDA is a kind of metaheuristic optimization method inspired by spiral phenomena in nature [17] . Its basic feature is that the searching steps among generations of data points converge exponentially to zero. The converge speed can be tuned by adjusting the parameter s r and the search granularity is determined by parameter s . When the parameters are given, the spiral dynamics process can be conducted as The spiral dynamics algorithm process conducted in this work is similar to the original SDA, except some minor difference. To find the optimum data point, SDA rotates the candidate nodes and moves them towards the center in search space. However, usually there is only a subspace within which the data can make sense to a specific optimization problem, and this is the case for our spring design. To overcome this, we put forward that if a point will enter undefined subspace after being rotated and moved, then we just move without rotating it. The algorithm for optimizing the spring parameters is conducted as follow.
Step (5), (7) and (8), and with inequality conditions (13) 
IV. RESULTS
A. Optimization results
We are designing the spring for an upper limb exoskeleton rehabilitation robot. Specifically, the elbow joint series elastic torsional spring. This robot is designed to generate maximum torque max T and the spring's corresponding deformation angle is max . Thus the stiffness requirement of the spring is
The material of the spring is 60Si2MnA, a general purpose spring steel. The detailed parameters of this steel is shown in Table I . The selection of the weight coefficients will greatly affect the optimization result. Both b and h have positive correlation with the spring stiffness. Although varying will not affect the stiffness, it can adjust the radial dimension directly and affect the reachable deformation angle of the spring. In this study, the coefficients and other design specifications are presented in Table II .
The optimization procedure is programmed in MATLAB. The numerical integration in (4), (7) and (8) is implemented by calling function integral. The cubic spline interpolation is done by invoking csape. The binary search procedure for e , f e and r e is hand written. After running the procedure, the resulting parameters are stored in the workspace. The design result of the spring is presented in Table III. Each step of SDA keeps or decreases the cost calculated with (16) . Fig. 1 shows the curve of the cost along with SDA steps. The 3D CAD model of the spring is shown in Fig. 2 .
B. FEA result
To verify the optimization results in Section IV-A, an FEA is conducted. The verification is focused on three aspects: 1) The stiffness of the spring matches the requirement, 2) the limit deformation angle matches the requirement and 3) the spring should not become invalidate when it generates the maximum torque.
In the FEA, the inner end of the spring is fixed and a series of torques are exerted on the spring body. The deformation angles and torques are both recorded and plotted in Fig. 3 . The two limit status of the spring is shown together with their stress distribution in Fig. 4 .
The FEA result shows that the stiffness of the designed spring matches its requirement and the deformation angle is enough to generate the maximum torque, while the stress distribution of the spring body falls within the allowable range. Fig. 1 . The cost function convergence curve along SDA steps. The cost value decreased sharply at step 75 and then kept at a low position until the process terminated. Fig. 3 . The characteristic curve of the designed spring. The relation between torque and deformation angle is nearly linear and the slope of the fit line is 11.6 Nm/rad. A design process of planar spiral spring for minimizing its volume is proposed. The mathematic model of the spring is established according to the mechanics of materials and geometric constraint. Since there is not an available model to describe the spring shape after deformation, cubic spline interpolation is used to fit the actual curve of the spring. The weighted sum of the spring volume, its height and radius is then put forward as the cost function for the optimization algorithm. A metaheuristic search method called Spiral Dynamics Algorithm (SDA) is then utilized to solve this optimization problem. Finally an FEA result verifies that the optimum result meets the original requirements. Different from 0.28 / mm rad traditional practice, the proposed method provides an easier way to do spring design work instead of trying various parameters by hand. In our future work, this optimization process will be automated and results can be obtained by answering some simple questions about design requirements. The spring expands to its limit, the outer end contacts the last 2 nd circle.
